Stream salinisation is one of the largest off-site effects of dryland salinity. As a result, an increasing salinity trend provides an early warning sign of impending dryland salinity and gives an indication of the general health of a catchment. In 1987, the Murray-Darling Basin Commission's Salinity and Drainage Strategy established a key basin-wide strategy to control salinity, which uses the stream salinity at Morgan (South Australia) as a key indicator of the management of stream salinisation in the Basin. The Strategy highlights the impacts of irrigation areas, with an assumption of nominal input from dryland areas. Recent studies have suggested that the effect of dryland salinity on stream salinisation will be much greater than was originally estimated for the Strategy. This Basinwide assessment of stream salinisation proposes to determine the magnitude of the dryland areas on stream salinisation and the areas where targeted funding for remediation should be focused.
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Executive Summary
Stream salinisation is one of the largest off-site effects of dryland salinity. As a result, an increasing salinity trend provides an early warning sign of impending dryland salinity and gives an indication of the general health of a catchment. In 1987, the Murray-Darling Basin Commission's Salinity and Drainage Strategy established a key basin-wide strategy to control salinity, which uses the stream salinity at Morgan (South Australia) as a key indicator of the management of stream salinisation in the Basin. The Strategy highlights the impacts of irrigation areas, with an assumption of nominal input from dryland areas. Recent studies have suggested that the effect of dryland salinity on stream salinisation will be much greater than was originally estimated for the Strategy. This Basinwide assessment of stream salinisation proposes to determine the magnitude of the dryland areas on stream salinisation and the areas where targeted funding for remediation should be focused.
Statistical trends and catchment salt and water balances were used to reconstruct the history of stream salinisation across the Murray-Darling Basin. Establishment of historical stream salinity trends and catchment salt balances was seen as a necessary pre-condition for the development of approaches to predict likely future trends. Analysis of these trends highlight a distinct region of stream salinity and catchment salinisation 'hot-spots' within the Basin. These hot-spots are of high priority for detailed investigation and their identification will assist in targeting future remedial work.
For many areas of the Basin, the stream salinity data set was generally quite limited, with few locations of long record, particularly in the dryland areas. In order to derive historical trends from the intermittent data, a new statistical method was developed. This approach has enabled the determination of historical trends over time at 87 sites distributed across the Murray-Darling Basin. The resulting non-linear trends with time will allow stream salinity to be related to processes such as changes in land management, climatic variables, or salt mitigation schemes. Salt and water balances were conducted for 101 stream gauging stations throughout the Murray-Darling Basin. This analysis provided a separate method of analysing the stream salinity data with an assessment of the salt output/input (O/I) ratio for these locations. This technique provided a means to identify areas of salt imbalance, high salt load, and high salt load per unit area. However, because of the sparse nature of the data-set, these trends and balances should be used as an indication of general behaviour only, and not considered exact for any given individual location.
Large areas within the Basin showed significant rising trends in stream salinity and salt loads, and generally high catchment O/I ratios, particularly in the eastern and southern dryland regions with annual rainfall of 500 -800 mm. This finding was consistent with previously mapped dryland salinity areas in New South Wales and Victoria, and consistent with the areas of known rising groundwater trends, and with previous local studies. Streams in the irrigation areas of the Basin also showed consistent rising salinity trends, but with salt O/I ratios close to a balance. This may be explained by the large volumes of water and salt that are diverted in these areas, and means that trends in salt loads may actually be decreasing in some cases. Further detailed analysis at a smaller scale is required to account for these diversions. Neither trends or salt O/I ratios were significant in the northern and western Darling Basin dryland area, perhaps due to the summer dominance of rainfall and slower rates of land clearing. The Lower Murray also failed to show a significant trend suggesting that the salt interception schemes in this region are currently effective.
The analysis indicates that the time lag for response by groundwater may be much shorter in the southern part of the Basin (about 50 years) than in the northern part (greater than 80 years). Although reliable indication of future stream salinity and salt load can not be obtained from historical trend analysis, there seems little to suggest that current trends will decrease substantially in the future. This project highlights the difficulties of using the salinity at Morgan as the only measure of the effects of the Salinity and Drainage Strategy, especially since future stream salinisation arising from dryland areas will be first felt in the upstream irrigation areas.
Future work should concentrate in more detail on catchments identified as having 'hotspots'. This will enable the determination of the reasons for the increasing salinisation. These smaller-scale studies will aid in the understanding of the links between stream salinisation and factors such as land use, river management and climatic effects. A particularly attractive methodology for this purpose is catchment categorisation.
Background
In addition to being an indicator of the environmental health of catchments, stream salinisation is one of the major off-site costs of dryland salinity. Studies over the last decade suggest that dryland salinity will increase dramatically in the MurrayDarling Basin over the coming years, causing significant increases in stream salinisation. For example, conservative estimates suggest that the effects from the Victorian Riverine Plains will contribute an increase of up to 140 µS cm -1 at Morgan over the next 50 to 100 years (Allison & Schonfeldt, 1989) . Moreover, preliminary results from recent work supported by the Murray-Darling Basin Commission suggest that stream salinities have been rising in many catchments in southern New South Wales, presumably in response to the increasing outbreaks of dryland salinity in the region.
In response to the need to manage predicted increases in stream salinisation in the basin over the next few decades, the MurrayDarling Basin Commission established the Salinity and Drainage Strategy in 1987. Underpinning the Strategy was the recognition that there would be an increase in stream salinities for several decades as a result of current land management practices. It was assumed that much of the increase in salinity in the lower Murray River would be the result of deep drainage from the large irrigation areas rather than from the upstream-dryland areas of the Basin. Based on this assumption, the impact of land management practices and the success of the upstream salinisation control measures were gauged by salinity levels of the lower Murray River at Morgan.
However, the impact of dryland salinity was assumed to be only a minor contributor, with the Strategy estimating its effect on River Murray salinity to be only 40 µS cm -1 at Morgan over the next 50 years . Recent studies have questioned this estimation, suggesting that dryland salinisation will increase significantly, resulting in higher stream salinities than previously estimated (e.g. Earl, 1988; Evans, 1994) . Allison and Schonfeldt (1989) suggested that Victorian riverine plains alone could result in an increase of 140 µS cm -1 at Morgan over the next 50 years. In light of an upcoming review of the Salinity and Drainage Strategy, improved estimates of Basin-wide dryland inputs to stream salinisation are needed.
Establishment of historical trends in stream salinity and catchment water and salt balances across the Murray-Darling Basin has been seen as a necessary precondition for the development of approaches to predict future trends. This Basin-wide approach will provide a framework for future small-scale studies and enable possible remediation activities to be prioritised. Analysis of historical trends and catchment balances will also allow the targeting of key salinisation 'hot-spots' throughout the Basin.
Objectives
The principal objectives of this project are given below. The original objectives have undergone modification at various Steering Panel meetings.
• Establish historical trends for stream salinity and salt loads in the Murray-Darling Basin.
• Prioritise catchments within the Basin for future smaller-scale studies.
• Review the stream salinity monitoring network within the Murray-Darling Basin.
• Undertake preliminary analysis of factors contributing to stream salinity trends.
Methodology
The study established historical trends in stream salinity and calculated catchment water and salt balances at stream-gauging stations across the Murray-Darling Basin. Long-term stream salinity monitoring was infrequent, which made the establishment of salinity trends difficult. Therefore, it was necessary to develop a new statistical methodology which could deal with the intermittent nature of the data, and to establish reliable historic stream salinity and salt load trends. Confidence in the salinisation trends was improved, with good correlation between the trends, and separately analysed catchment salt balance results. This section will describe the methodology for both the historical trend analysis and the catchment water and salt balance analysis. Details of the flow correction procedure are also discussed.
Stream Salinisation Trend Analysis
Historical trend analysis was carried out for 87 stream gauging stations distributed throughout the Basin. A new statistical method was developed to overcome concerns over high autocorrelation in the salinity data and their effect on the accuracy of trend estimates (Morton, 1996) . As well as providing an estimate of the trend and its confidence interval, the relationship between the trend and physical processes was considered in the development of the new method. This new method consisted of two statistical approaches, and provided non-linear trends, incorporated flow correction and could be used on much sparser data sets than conventional methods (such as Kendall's tau technique). The method was developed using the GENSTAT package (Payne et al., 1993; Morton, 1997) which can be used on UNIX, DOS, and Windows platforms.
The first approach used in the statistical method was an Ordinary Least Squares (OLS) regression using a generalised additive model. This approach was used when autocorrelation was low (<0.2). In this approach, additive regression terms are fitted to logEC, the exploratory variables being time (years), logflow (log ML day -1 ), and sinusoidal seasonal terms. The non-linear OLS model represented the response of logEC to time and logflow by arbitrary smooth curves using cubic splines with knots at each data point. The mathematical form of the regression was:
where logEC was the natural logarithm of EC, logflow was the natural logarithm of flow + 1, t was time in years, S 1 (t;df t ) was a smoothing spline of logEC versus time with df t degrees of freedom, S 2 (logflow;df f ) was a smoothing spline of logEC versus time with df f degrees of freedom; α, β, γ were linear regression coefficients and ε was the residual error. In using this approach, Morton's (1997) recommendations that values of 4 for df t and 2 for df f respectively were appropriate for data sets of the length used in this project. The aim of the fitting procedure was to define S, as it represented the non-linear trend in time (excluding flow and seasonal effects which were accounted for in the remaining terms). Standard errors from the statistical output were adjusted for the magnitude of the autocorrelation and for the amount of missing data by multiplying by the following factor (Morton, 1996) :
where p was the proportion of available data and AR was the first order autocorrelation coefficient.
When autocorrelation was high (>0.2), a second approach was used; a Time Series Model (TSM) which used an auto-regressive integrated moving-average model. However if the number of missing months was too large (>20%), then the TSM approach failed and it was necessary to use the OLS approach with a multiplier applied to the standard errors. The TSM approach carried out the above fits with auto-regressive parameters. The 95% confidence intervals for the linear time trends were estimated as ±2 standard errors. Standard errors for the TSM approach were taken directly from the statistical output. The first order autoregressive model with C time and C logflow as the expl- This statistical method did not include the trend of flow directly, and hence flow was assumed not to vary over the longer period. It was difficult to statistically remove these trends because of the inherent high variability of Australia's stream flow. However, if diversions or other changes in flow are known, they may be incorporated into the analysis for each station. It was not possible to do this within the scope of this study, which meant that trends in salt loads were the product of the trend in stream salinity and mean stream flow. Thus, decreases in the trend of salt load due to diversions were not included in this analysis.
Catchment Water and Salt Balances
Salt balances were calculated for each catchment of the Basin to estimate its net contribution to Basinwide stream salinisation. The ratio of salt output to input (O/I) is a key indicator of catchment salinity status (Peck and Hurle, 1973) . Calculation of O/I ratios allowed 'hot-spots' to be identified, indicating locations where catchments are not in a salt equilibrium. The O/I ratio is usually close to unity prior to the clearing of native vegetation, which indicates a salt equilibrium. However, vegetation clearing results in a disturbance in the original salt equilibrium through increased recharge and runoff, which can result in a flushing of stored salt from the area and lead to high salt O/I ratios. Salt O/I ratios have been observed as high as 20 in highly salinised catchments (Peck and Hurle, 1973) . Eventually a new salt equilibrium will be reached, however it may take from 20 years up to thousands of years to occur. Figure 1 shows an example of the response of catchment salt O/I ratio to clearing over time for both high and medium rainfall catchments. This figure shows the relevance of a departure of the salt O/I ratio from a balance, as an indicator for identifying both the salinity status of the catchment and an indication of impending salinisation.
Catchment water and salt balances were carried out at 101 stream gauging stations across the Murray-Darling Basin. The stations were selected so as to obtain balances at the outlets of, and at a number of sites within each sub-basin. In addition, four of the sub-basins (Campaspe River, Loddon River, Murrumbidgee River, Namoi River) were analysed in more detail at a greater number of stations, with attempts being made to correct for the effects of water (and hence salt) diversions for both urban and irrigation supplies. Salt balance ratios, total salt output (in both tonne km -2 and in tonne day -1 ) were also calculated within these subbasins. The following assumptions were implicit in the analysis:
• Water and salt diverted from a stream for irrigation and other uses do not contribute to the return flow to the stream within the 10-year analysis period.
• Salt and water transferred into the catchment were accounted for as being added directly to the streamflow rather than being included as a component of the salt and water input to the catchment.
• No attempt was made to include an estimate of the net movement of water and salt out of a catchment in groundwater flow.
Input of water and salt to catchments from rainfall were estimated using a GIS-based approach which utilised available coverage of interpolated rainfall and existing measurements of salt in rainfall from 18 sites within the Basin (Blackburn and McLeod, 1983) . Only the sites to be uncontaminated by resuspended terrestrial dust were used for rainfall salt concentrations (Simpson and Herczeg, 1994) . Digital maps of the boundaries of the MurrayDarling Basin and its 26 sub-basins were obtained from the Murray-Darling Basin Commission on an Albers projection, and used as the base map for the project. Detailed digital catchment boundary maps for New South Wales sub-basins were obtained from the New South Wales Department of Land and Water Conservation, Victorian sub-basin boundaries were digitised from 1:100,000 topographical maps. Monthly rainfall surfaces for the Basin were obtained from the Queensland Department of Primary Industries Drought Research Centre for the period 1980-95. These were available on a 0.01 degree (approximately 5 km) grid resolution in units of 0.1 mm. Rainfall surface data were summed to provide annual rainfall, then projected and clipped to the required catchment boundary. An ARC/INFO Macro Language (AML) routine was then used to calculate the area-weighted annual rainfall for each sub-basin or catchment of interest.
The annual output of water from the subbasins was calculated by summing the daily flow data from each station. Stream salt load was estimated using one of the following methods, depending upon the frequency of the salinity data at a gauging location. If the gap between salinity measurements was less than 7 days, the missing data was interpolated (taking into account the flow regime during the period) and daily salt load was calculated as the product of daily flow and salt concentration. However, where the gaps between salinity measurements were greater than 7 days a regression analysis was undertaken to establish a relationship between salinity and stream flow rate, based on intermittent data sets. The regression analysis generally exceeded 50 points and was used to calculate daily salt loads (in units of tonne day -1 ) from continuous streamflow data.
For most stations, the relationships between salt load and stream flow were very good, with coefficients of determination usually greater than 0.90. However, in some cases with less distinct relationships it was necessary to:
• fit the data with both a low-flow and high-flow regression line to reflect clear differences between the two flow cases;
• separate the data set into 4 sub-sets and construct a regression for each of the four to avoid an extremely poor correlation at some stations in Victoria;
• use a non-linear regression (log-log) in a few very special cases where the above methods were unsuccessful.
Finally, estimated daily salt loads were summed to provide annual salt loads for each station. Attempts were made to incorporate the effects of water diversions on the water and salt balances. In the case of the Victorian stations, Sinclair Knight Merz provided diversion data (flow, and some salinity for the period 1988-94) and maps (with location reference numbers) for the Broken, Goulburn, Campaspe, Loddon and Avoca River sub-basins from the Victorian Government Bulk Carriers database. The data were annual flow in ML for 1988-94. The major diversions accounted for were from the Goulburn and Campaspe Rivers for the Waranga Western Main Channel, which is then distributed into the Campaspe, Loddon, and Avoca River basins. The diversions from the Coliban River (via the Coliban Main Channel) and the Ovens River for irrigation, domestic, stock, industrial and town water supplies were obtained from MDBC Annual Reports for 1985 -July 1991. Diversions from the River Murray were obtained from both Sinclair Knight Merz (for the Yarrawonga Channel, and the National Channel at Torrumbarry), as well as MDBC Annual Reports. Data were not available for diversions in the Eppalock-Bendigo pipeline (Campaspe River), or from Laanecoorie, Cairn Curran and Tullaroop Reservoirs (Loddon River). The Gunbower Creek system could not be analysed due to the absence of data for the input to Kow Swamp and the upper reaches of the Gunbower Creek from the National Channel near Torrumbarry Weir, and the diversion at Cohuna Weir into No. 3 Channel. However, the MDBC Annual reports gave data (1985 -1990/91 ) for diversions into the National Channel and also the irrigation returns to the River Murray via Gunbower Creek at Koondrook.
For New South Wales, the Department of Land and Water Conservation provided data and associated maps over the period 1985-94, for diversions in reaches of the Murrumbidgee, Lachlan, Macquarie-Castlereagh, Namoi, Gwydir, Border Rivers, and the Darling Rivers. MDBC Annual Reports provided diversion data from the River Murray into NSW, in some NSW river basins for 1985 -90/91, as well as the diversions for the Jemalong and Wyldes Plains Irrigation Districts.
In the case of the Snowy Mountains Scheme, the MDBC provided good data for the period 1985-95 for the transfers of water within the Snowy Mountains Scheme and specifically the net contributions to the River Murray and the Murrumbidgee River (including the Tumut River). Water is transferred into the Upper Murray at Swampy Plains River, from the Tooma River (in the Upper Murray) and Lake Eucumbene into the Tumut River at Tumut Pond Reservoir, and from the Upper Murrumbidgee via Tantangara Reservoir to Lake Eucumbene. The Snowy Mountain Authority provided limited recent salinity data for some reservoirs, and some documented data from the early construction phases of the scheme. The salinity of the reservoirs was quite variable, with a range in measured values of about an order of magnitude, which may reflect the location or depth of sampling rather than a representative salinity of these water bodies. In the absence of measured salinity in the 1985-94 period, the salinity of the water transferred from the Snowy Scheme was taken to be 25 mg L -1 .
Results
This section presents a summary of the results from both the historical stream salinity trend analysis, and the catchment water and salt balance component of the project. The correlation between the results of both methods of data set analysis provided increased confidence in the stream salinisation conclusions, given the intermittent nature of much of the historical stream salinity data. Detailed results for each station can be found in technical reports by Jolly et al. (1997a Jolly et al. ( , 1997b . In order to simplify the summary of the stream salinisation trends and catchment water and salt balances, the Murray-Darling Basin was divided into four geographically similar regions. The results and trends for each of these regions have been discussed separately. These regions are shown in Figure 2 and have been described as: 1) the northern and western dryland region, 2) the eastern and southern dryland region 3) the irrigation region, 4) the Lower Murray region. 1) The northern and western region of the Basin was found to have no significant trends or salt imbalances. The lack of response for this region may be partially due to the summer dominance of the rainfall, the heavier soils found in the higher rainfall areas, and also the relative lateness of agricultural land-use changes. The results substantiate earlier conclusions that the Darling Basin was likely to develop salinity more slowly than the southern parts of the Murray-Darling Basin. Jolly (1989) came to those conclusions on the basis of an analysis of the soils, land use, vegetation, rainfall and groundwater. There should be preventative action to avoid the onset of salinisation as in the Murray Basin, however the quality and chemistry of the groundwater has meant that groundwater pumping is likely to be able to control groundwater levels and salinisation. Such measures in similar environments in Queensland have been effective.
2) In the southern and eastern dryland region of the Basin, uniformly rising stream salinity trends were found in most of the tributaries (see Figure 5 for an example of the rising trends in this area). The change in salt balance was minimal in areas of high rainfall (> 800 mm yr -1 ) and hence trends were not as noticeable, even when the salt O/I ratio was in a rising phase. Through the medium rainfall zones (500-800 mm yr -1 ), all of the trends were significant and rising, with catchment salt output/input (O/I) ratios generally high. Figure 6 shows the catchment salt balance for the Namoi River catchment, giving the salt balance and salt output estimates (in tonne km -2 and tonne day -1 ) for the catchment. This medium rainfall zone coincided with the known areas of dryland salinisation in NSW (Bradd and Gates, 1995) as well as with known areas of groundwater rise. The stream salinity in the dryland area of Victoria was confused by river regulation, with only 3 stations showing a significant trend. Despite the overall lack of stream salinity trend, catchment salt O/I ratios were consistently high in the unregulated Upper Loddon-Campaspe catchment.
3) The irrigation region of the Basin lies mainly in the lower reaches of the river systems, with annual rainfall of less than 500 mm. Stream salinity trends were uniformly rising in the irrigation areas. This was likely to be the result of more saline irrigation returns to the rivers, and in some cases groundwater input from mounds below irrigation areas. Despite these rising stream salinity trends, catchments were close to a salt balance. It was likely that this balance was due to the effect of large diversions of water (and salt) in the area, which result in temporary storage of large amounts of salt that may have otherwise contributed to a catchment salt export. The effects of this storage are likely to result in salt export in the medium to long term, however it was not possible to undertake this full diversion-corrected analysis within the scope of this project. 
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Discussion of Outcomes
The pattern of catchment salt balances exhibits behaviour which appears to correlate well with our understanding of land salinisation. The results indicate that the areas in the Murray-Darling Basin which are presently (or already) experiencing the onset of stream salinisation are generally those in the medium rainfall zone (500-800 mm yr -1 ), and that the significant trends are occurring in the same places where there are salt imbalances. This suggests that these catchments have not yet reached a new hydrologic equilibrium and there is potential for further increases in stream salinity. The results are also consistent in that the salt balance results show that salinisation is much further advanced in the Murray Basin than it is in the Darling Basin.
Salt imbalances are not apparent in the high rainfall zones (>800 mm yr -1 ), with no significant trend in stream salinisation presumably due to less clearing of native vegetation. This, combined with the strong possibility that these systems may have already reached a new hydrologic balance, means that trends are not obvious. However, the lower salt output/input (O/I) ratios may also be the result of the smaller relative increase in recharge which occurs in the high rainfall areas following widespread clearing. The lower rainfall (<500 mm yr -1 ) downstream regions of many of the catchments appear to be in close to salt balance due to the large diversions of water (and hence salt) from the rivers. However, increasing trends are still present, as a result of both the high salinity irrigation return flows and enhanced groundwater inflows.
Trends are apparent in the dryland streams and in the flow-corrected stream salinities from the irrigation areas; however it is not clear how these will impact on River Murray salinity in the medium term. Diversions, and mitigation measures such as evaporation basins or groundwater pumping, are likely to decrease salt load trends in the short term by removing water and salt from the streams. This off-stream storage of salt acts as a temporary buffer that can prevent increasing stream salt-load trends, but which may eventually lead to medium-long term increases in stream salinity.
While historical trends are useful for extrapolating into the future to a limited extent, it is important to know how these trends will change into the future and how they may be impacted by land use or river management change. The development of a new statistical approach to stream salinity non-linear trend estimation is seen as a highlight of this project, as previous methods have generally only been able to provide linear trends. Determination of the non-linear trend with time will enable the analysis of the relationship between trends and factors such as climatic variability, operation of salt mitigation schemes, changes in stream operation, or known trends in groundwater or land salinisation. Moreover, the correlation of stream salinity with flow can indicate whether the salt arrives at the stream as a result of base flow or runoff.
The results from the salt-trends component of the project are consistent with the salt balance results in the general basin-wide pattern. The analysis indicates that the time lag for response by groundwater may be much shorter in the southern part of the Basin (about 50 years) than in the northern part (greater than 80 years). Although reliable indication of future stream salinity and salt load can not be obtained from historical trend analysis, there seems little to suggest that current trends will decrease substantially in the future. This project highlights the difficulties of using the salinity at Morgan as the only measure of the effects of the MurrayDaring Basin Commission's Salinity and Drainage Strategy, especially since future stream salinisation arising from dryland areas will be first felt in the upstream irrigation areas.
Future Recommendations
The results of this project provide a framework for including knowledge gained in other studies, often site-specific, regarding stream salinisation. At this stage, it is difficult to specify the catchment work necessary for the amelioration of stream salinity, although future work is needed to better understand the role of stream interaction with the weathered, fractured rock and alluvial groundwater systems that contribute to the Deep Lead equivalents around the Basin. This knowledge is necessary to devise appropriate land management options which will ensure that funds for catchment plans can be targeted on the key areas which are the most critical for Basin salinisation.
